In this task, one picture was presented on each trial, and the animal had to respond according to its prior cortex and might be related to retrieval processes, as responses were typically larger for familiar than for occurrence (Xiang and Brown, 1998). Pictures were repeated after varying numbers of intervening trials, so novel stimuli.
each region. The percentages of neurons that responded to various proportions of the presented stimuli are given in Table 2 . These percentages did not vary significantly across the regions. To further reduce any potential influence of stimulus selectivity on differences in memoryrelated responsiveness, stimuli were not selected in relation to a particular neuron's responsiveness. Additionally, proportions of differentially responsive (D) neurons are reported as fractions of the number of V neurons.
Memory-Related Responses Excitatory Responses
The responses of many prefrontal neurons were repetition sensitive and thereby provided evidence of access 
D neurons with excitatory incremental responses as a proportion of V neurons varied between the four areas.
The proportion (D/V) was much higher (BEM 2 ϭ 86.4; of excitatory responsive neurons, the mean firing rate (11 Ϯ 7 spikes/s; range, 0.5 to 45 spikes/s) in the 0.5 s df ϭ 3; p Ͻ 0.001) in ACG (28%), PFCo (46%), and PFCvm (64%) than in PFCdl (4%), with there being no following stimulus onset was more than three times (3.38 Ϯ 0.16) that in the prestimulus period; no significant significant difference in incidence between ACG, PFCo, and PFCvm. The incidence of D neurons in ACG, in difference in the mean firing rate change was found between the regions. The incidence of excitatory V neuPFCo, and in PFCvm but not in PFCdl was significantly (binomial test; p Ͻ 0.001) above chance (5%). Thus, rons as a proportion of the number of recorded neurons varied between the regions (binomial error model [BEM] although more than a quarter of the neurons in PFCdl were visually responsive, few (4%) of these were differ-ANOVA; BEM 2 ϭ 54.5; df ϭ 3; p Ͻ 0.001). It was significantly higher (BEM 2 ϭ 20.4; df ϭ 1; p Ͻ 0.001) entially responsive, in contrast to the average of 42% that was found in the other sampled regions. Thus, the in ACG (42%) and PFCo (41%) than in PFCvm (33%) and PFCdl (26%). There was no significant difference incidence was only 1% of the total number of recorded neurons in PFCdl, whereas it was 17% across the other between the proportions in ACG and PFCo or those in PFCvm and PFCdl. three regions. For the 506 D neurons with excitatory incremental Responses were inhibitory for 108 neurons (3% of the total and 7% of the visually responsive neurons). The responses, the patterns of response change were the inverse of those found in anterior inferior temporal corinhibition was sometimes sufficiently strong that firing ceased, and the depression of firing could last throughtex, where responses were typically reduced for previously seen stimuli (Xiang and Brown, 1998) . In both out stimulus presentation. Occasionally, at the end of a stimulus, there was a rebound increase in firing above lobes, response changes occurred between stimuli that were novel (never or rarely previously seen and not seen baseline. Across the population of inhibitory responsive neurons, the mean firing rate (6 Ϯ 2 spikes/s) in the 0.5 s within the last 4 weeks) or familiar (repeated approximately on alternate days so that they had been seen following stimulus onset was 0.64 Ϯ 0.23 times that in the prestimulus period; no significant difference in the tens of times previously but not on the current day) and/or when such novel or familiar stimuli were shown mean change in firing rate was found between the regions. Such responses were seen in all four regions; a second time within a recording session, i.e., were stimuli that then had been seen recently. Thus, the same their incidence as a proportion of the total number of visually responsive neurons was as follows: PFCvm, categorization was used for excitatory incremental responses in prefrontal cortex as for inferotemporal neu-15% (24 neurons); PFCo, 7% (50 neurons); ACG, 5% (21 neurons); and PFCdl, 7% (13 neurons). These proporrons (but with the opposite direction of change). Accordingly, incremental recency (R) neurons responded more tions did not differ significantly from each other.
Neurons did not respond equally to all presented stimstrongly to the second than to the first presentations of stimuli but responded equivalently for novel and familiar uli. To provide a measure of stimulus selectivity, a sample of excitatory responsive neurons was taken from stimuli; such responses thus signaled that a stimulus had been seen recently rather than that it had been inhibitory responses mirrored those of their excitatory novel or familiar when first seen that day. Similarly, increcounterparts, the inhibition typically being stronger for mental familiarity (F) neurons responded more strongly previously encountered stimuli. An example is illustrated to familiar than to novel stimuli but did not differentiate in Figure 4 . There were 15 inhibitory D neurons in PFCo between the first and the second presentations of these (five R, five F, and five N neurons), nine in PFCvm (two stimuli during a recording session; such responses thus R, five F, and two N neurons), and seven in ACG (three signaled the relative familiarity of the stimuli rather than R, three F, and one N neurons); only one such neuron, whether they had been seen in the current recording a novelty neuron, was found in PFCdl. The incidence of session. Likewise, incremental novelty (N) neurons re-D neurons with inhibitory responses as a proportion of sponded less strongly to the first presentations of novel all V neurons was higher in ACG, PFCo, and PFCvm stimuli than when such stimuli were repeated or when than in PFCdl (BEM 2 ϭ 11.3; df ϭ 3; p Ͻ 0.05), with there a familiar stimulus was presented; such responses indibeing no significant difference between ACG, PFCo, and cated that a stimulus had been seen before (they are PFCvm. Thus, the incidence of D neurons with inhibitory termed "novelty" rather than "familiarity" responses for responses followed a pattern that was broadly similar consistency with the terminology adopted for the temto those of D neurons with excitatory responses; the poral cortex responses, although here the response was mean incidence as a proportion of inhibitory V neurons evoked by previously seen rather than novel stimuli).
was 1% in PFCdl and 33% across the other three reExamples are shown in Figure 5 and legend for details. For its initial response to those stimuli (this implies that the neuron has access to information that is stored in memthe familiarity neurons, the mean differential latency of ‫552ف‬ ms (midpoint of 240-270 ms bin) was similar in ory for this period). The population memory spans of the different types of differential neurons in the different PFCo, PFCvm, and ACG. For the recency neurons, the differential latency was also ‫552ف‬ ms when the data for areas (excluding PFCdl, for which there were too few D neurons) were determined by analysis of the mean the three areas were pooled, but it differed significantly between them, being ‫522ف‬ ms in PFCvm, ‫582ف‬ ms in population responses for the excitatory incremental differential responses of each type to stimulus repetitions PFCo, and ‫534ف‬ ms in ACG. For the novelty neurons, it was ‫591ف‬ ms, pooling across the three areas for first at various intertrial intervals; see Figure 6A . There was a significant three-way interaction between area, type compared to second presentations of novel stimuli, and ‫522ف‬ ms for novel compared to familiar stimuli; there of neuronal response, and interval [F(32, 2835) ϭ 3.25; p Ͻ 0.001], i.e., the responses for the different types of was no significant difference between the areas. Hence, no individual area had a latency shorter than ‫591ف‬ ms neuron changed differently across the intervals in the three areas; for this reason, the data were subdivided. for any type of response. Thus, at the population level the first indication of prior occurrence in prefrontal corIn each area for each type of response there was a highly (C) In contrast, there were no significant differences in mean eye position or its variance between the types of trials in the 500 ms following stimulus onset. Thus, the differences in neuronal activity cannot readily be explained as being due to differences in eye position. significant effect of interval (p Ͻ 0.001); additionally, response for these trials being the same (left; see the Experimental Procedures) as when the stimulus was first there was a highly significant (p Ͻ 0.001) interaction between area and interval for novelty and recency but presented, whereas at 0 to 64 intervening trials it was opposite (right). not familiarity neurons. As may be seen in Figure 6A , for all three areas the pattern of responses across interWithin each area and for each type of neuron, there were neurons that had memory spans of 24 hr; see vals was different for familiarity neurons than for recency and novelty neurons, while across the areas the pattern Figure 6B . As long-term memory is conventionally defined (e.g., Scoville and Milner, 1957) as memory that was broadly similar for the different types of response. The shorter mean memory spans for PFCvm compared persists across a period longer than minutes in the presence of distraction, both when considered as a populato PFCo or ACG should be interpreted with caution because of the smaller sample sizes in PFCvm. To ensure tion and when taken individually, responses of prefrontal neurons evidenced long-term memory for the prior oclarge sample sizes, data were pooled across the areas for each type of neuron. For familiarity and for recency currence of stimuli. neurons pooled across the three areas, mean responses on repetition were significantly above the mean initial of the stimulus, regardless of whether it was novel or familiar. The Monkey's Behavioral Response animal; see Table 3 . Hence, there was no evidence from these data that overall the discrimination for novel and Responses in a conditional visual discrimination task (Xiang and Brown, 1999) were used to dissociate familiar trials differed in difficulty. Moreover, there was no statistically reliable evidence that the accuracy of changes in neuronal activity from the left or right touch that the animal made to indicate his response to a novel the behavioral response declined with increasing delay (interval) for the repeated stimuli, and no significant coror repeated stimulus. Of 236 neurons that were recorded in both the serial recognition and the conditional disrelation between behavioral accuracy and neuronal responses was established. Given that the stimuli were crimination tasks, for only 3 (Ͻ1%) did the responses differ between touch right and touch left trials in both changed from trial to trial, the numbers of error trials were too low for meaningful statistical analysis of neutasks. These were therefore the only neurons whose activity could not be dissociated from the direction of ronal response patterns on these trials compared to correct trials. the animal's behavioral response. Two of these neurons had apparently decremental responses, and one had an apparently incremental response in the recognition task. could only be related to the prior occurrence history of the stimuli that were presented.
Control Measures

The mean (ϮSEM) latency of the behavioral responses Parallels to Responses in Anterior Inferior shows the expected slightly longer latency for novel first Temporal Cortex trials compared to the other types of trial (the normal
The response changes that are related to recognition repetition priming effect) but no other significant differmemory processes in prefrontal cortex in the present ences; see Table 4 . The slightly longer latency for novel study have parallels to but also some differences from trials presumably correlates with slower processing for those in anterior inferior temporal cortex (including perinovel than for previously seen stimuli. However, this rhinal cortex) studied under similar conditions (Xiang difference was not such as to affect behavioral accuand Brown, 1998). Monkey lesion studies have shown racy. Accordingly, there was no evidence that the longer that perirhinal cortex is essential for delayed matching latency was related to increased attention to these tasks and that disconnection of prefrontal cortex from stimuli.
the medial temporal lobe produces major impairments in recognition memory ( in the task as "novelty," "familiarity," and "recency" remental rather than incremental (Bogacz and Brown, 2003) . This finding suggests a primary reason for responses. Accordingly, within this task, information concerning familiarity was separately signaled from that sponses being reduced rather than enhanced with stimulus repetition in anterior inferior temporal cortex. Addiconcerning recency in prefrontal cortex, as in temporal cortex (Fahy et al., 1993; Xiang and Brown, 1998) .
tionally, the effect of this direction of change is that the maximal signal from temporal cortex is for novel stimuli, (11) Are differentially incident in different areas. Thus, thereby facilitating the further sensory processing of incidence was low in dorsolateral prefrontal cortex comsuch stimuli. The contrasting, maximal signal for familiar pared to the other three prefrontal areas (even though stimuli arising in prefrontal cortex might facilitate the over a quarter of the recorded dorsolateral neurons were retrieval and further processing of previously stored invisually responsive in the task). Many neurons in the formation concerning these familiar stimuli, whereas dorsolateral cortex respond to spatial information (Wilsuch a search would be fruitless for novel stimuli. There son et al., 1993; Ungerleider et al., 1998). In the temporal is much evidence from human imaging studies that prelobe, a low proportion of repetition-sensitive neurons frontal cortex is importantly involved in retrieval mechawas found in the hippocampus compared to area TE, nisms ( provides further evidence against prefrontal cortex being the source of the initial temporal lobe response changes (Brown and Xiang, 1998), though later aspects Differences from Responses in Anterior Inferior (Ͼ200 ms) of temporal responses might still be influTemporal Cortex enced by those in prefrontal cortex. In contrast, even There were also a number of differences between preinitial prefrontal changes could be reflections of the temfrontal and anterior inferior temporal response changes poral changes. It is noteworthy that the prefrontal poputhat were studied under the same experimental condilation latencies (200-250 ms or more) for these monkey tions (Xiang and Brown, 1998). In general, these differneurons appear to be consistent with the early frontal ences are concerned with the excitatory incremental response seen in human evoked potential studies, which prefrontal responses, which were by far the most numerhas been linked to familiarity discrimination (Rugg et al., ous. Thus, in prefrontal cortex: 1998, 2002). This finding further suggests that similar (1) Responses typically incremented rather than decremechanisms underlie at least the familiarity discriminamented upon stimulus repetition; in anterior inferior temtion component of human and monkey recognition poral cortex, 98% of response changes were a reduction memory (Brown and Aggleton, 2001). on repetition, and in prefrontal cortex, 92% of such changes were incremental. This typically reversed direc-(4) For individual areas, mean neuronal memory spans were longer (changes persisted across more intervening tion of change was evident for novelty, familiarity, and recency responses. In a delayed matching task using trials) in temporal cortex (Xiang and Brown, 1998) than in prefrontal cortex. Nevertheless, as for temporal cortex, infrequently repeated stimuli, Miller et al. (1996) also found more incremental changes on stimulus repetition many prefrontal neurons had memory spans of Ն24 hr. Moreover, overall prefrontal population memory spans in prefrontal cortex than in temporal cortex. It is interesting to speculate concerning the reason for the typical were significant at 24 hr when averaged across areas. However, for no prefrontal area or type of response was direction of change in the two lobes. Computational modeling has recently established that storage capacity the proportion of differential neurons with 24 hr memory spans as high as that for perirhinal cortex for recency is very greatly increased for familiarity discrimination networks where the principal synaptic change is decreneurons (79%) or as high as those for any of the anterior inferior temporal cortical areas for familiarity neurons ferences in latencies or memory spans between the orbitofrontal, ventromedial, and anterior cingulate corti-(Ͼ87%). Thus, although long-term information was available in prefrontal cortex, it was less strongly repreces. Accordingly, the results provide evidence for parallel rather than sequential processing of information sented both by magnitude of change and by proportion of neurons than was such information in anterior inferior in these three regions. These regions are also implicated in other aspects of cognitive behavior, for example, the temporal cortex.
anterior cingulate cortex in resolving response conflicts ( memory tasks where such factors are varied, evidence However, in prefrontal cortex, responses when averaged might be found for integration between the need to reacross all areas for all familiarity neurons increased even trieve information concerning prior occurrence and when stimuli were repeated on the next trial (a delay these other cognitive processes. of 5-10 s). Thus, the present recordings provided no evidence that the synaptic change underlying prefrontal
In sum, neurons in three prefrontal regions (orbitofronfamiliarity responses is slower than that for novelty or tal, ventromedial, and anterior cingulate cortices) have recency responses (though neither do they establish been shown to have access to information that is necesthat the changes for prefrontal familiarity neurons are as sary for long-term visual recognition memory concernfast as those for temporal novelty and recency neurons).
ing the prior occurrence of infrequently encountered However, the gradual increase in response change stimuli. In many cases, their responses carried informaacross time (i.e., an apparently increasing "memory," tion concerning presentations of pictures made 24 hr in contrast to increasing forgetting) for the prefrontal previously. Unlike neurons in the temporal lobe, prefronfamiliarity neurons with 24 hr memory spans is similar tal responses were typically greater for previously seen to that for temporal familiarity neurons. Thus, some than for novel stimuli even when a stimulus had been mechanisms underlying familiarity response changes in seen only once previously. Such enhanced activity might the two lobes might be shared. The possibility remains provide part of a mechanism for retrieving information that temporal familiarity changes are dependent upon about familiar items, in contrast to a temporal lobe role feedback signals from prefrontal cortex that alter the in signaling novelty. Prefrontal latencies were longer temporal responses on subsequent trials (NB, as stated than those in the temporal lobe and potentially provide above under difference 3, latency measures exclude a substrate for human event-related potential findings. within-trial feedback as responsible for the initial part Memory-related responses were found in inferior and of the response change in that trial). Importantly, the medial but not lateral areas of prefrontal cortex. This differential neuronal response latencies in the temporal pattern hints at a separation of prefrontal processing and prefrontal cortices imply that such "top-down" sigwithin recognition memory that parallels that in the temnals would need to induce a plastic change within temporal lobe. poral cortex. Such induction of a plastic change would differentiate these signals from previously reported there was not strong evidence of major, consistent dif-touching one side of the screen (a left-side touch for a novel stimulus regional distribution of the recorded neurons was established via a combination of the coordinate readings during recording sessions, and a right-side touch for its repetition or for a familiar stimulus). On certain occasions, to test for 24 hr memory effects, a series of the microlesions and X-ray radiographs at the end of the sessions, and the postmortem brain histology. The location of recording sites stimuli that had been seen the previous day was repeated. On these occasions, left touches were correct for the first presentations of is illustrated in Figure 2 . Data were obtained from four hemispheres. stimuli that had been novel on the previous day, and right touches were correct for other stimuli. A correct touch was rewarded with Data Analysis ‫3.0ف‬ ml fruit juice. The sequences of stimuli were constructed Response Analysis pseudorandomly so that overall there were equal numbers of left At the start of recording from each new site, a few objects were and right touch trials, and both runs of more than three trials to the shown to the animal as a means of screening for visual responsame side and alternations between sides of more than four were siveness. A group of neurons was regarded as visually responsive avoided. Several different sequences were constructed and used if an audible change in firing rate occurred in response to at least so that the order of types of trials was not predictable by the animal.
one of the first four objects shown to the animal. Only such group's The conditional discrimination task was used for control purposes, neurons were further investigated, but all the neurons that were specifically to dissociate neuronal activity from the direction of the simultaneously recorded at such sites underwent analysis. All analyanimal's behavioral response. The task uses geometric triplets as ses used data from correctly performed trials; error trials and those stimuli and involves a conditional rule in that whether a touch to a trials on which the animal failed to fixate the stimuli were excluded. particular shape on either side is correct depends on the orientation A neuron was defined as visually responsive if its activity changed of the central shape. The same stimulus presentation timings and significantly (excited or inhibited from the baseline) on stimulus behavioral responses were used in both serial recognition and cononset; the mean firing rate during the precue period (3 s) was comditional discrimination tasks. A PC computer controlled the presenpared with that in each of the two 0.25 s bins (total 0.5 s) immediately tations of the stimuli as complete static frames starting at a known following stimulus onset across all trials using paired Student's t time and monitored the animal's behavioral responses. Once tests (p Ͻ 0.05). Visually responsive neurons that responded signifitrained, the animals performed the tasks at greater than 85% accucantly differently during either or both of these first two 0.25 s bins racy for up to 1000 trials per day. after stimulus onset to the different arrangements of the stimuli were Neuronal Recording categorized as differentially responsive neurons. The incidence of The prefrontal recordings were made shortly after completion of different categories of neuronal responses across the various areas recordings in the temporal lobe from these animals (Xiang and that were studied was determined using an ANOVA (p Ͻ 0.05) with Brown, 1998). The recording and amplification of neuronal action factors repeat (first or subsequent presentations), relative familiarity potentials were conventional, with neuronal activity being displayed (novel or familiar stimulus), and time period after stimulus onset. on an oscilloscope and monitored aurally. As in other studies (Xiang Using the criteria set previously (Xiang and Brown, 1998), classificaand Brown, 1998, 1999), simultaneously recorded signals from multition was made of three types of the visually differential neurons: ple neurons were analog-to-digitally converted (at 17 kHz), and the novelty (responses to the first presentations of novel stimuli that activity of individual single neurons was separated using spikewere significantly different from responses on other trial types), sorting software with a template-matching algorithm (1401 Plus infamiliarity (responses to familiar stimuli that were significantly differterface and SPIKE2, CED, Cambridge). Up to eight separable spike ent from those to novel stimuli), and recency (responses to the trains could be recorded at the same time. Peristimulus time historepeat that were significantly different from first presentations). Neugrams, rasters, and counts of action potentials for the separated rons (Ͻ7%) for which there was a significant three-way interaction spike trains were displayed online. Individual action potential shapes between period, repeat, and relative familiarity were categorized as and the separation of different spikes were checked offline using differentially responsive but were not counted as belonging to any the stored digitized action potentials and then subjected to offline of these types. analysis. The animal's hand and eye movements were monitored Differences in incidence of different categories of responsive neuusing two video cameras and were recorded together with the stimurons in different areas were established using analyses of variance lus presentations using a video mixer (Videomat VM2E). The timing based on a generalized linear model (GLIM) assuming a binomial and accuracy of the behavioral responses were also recorded in error distribution (Baker and Nelder, 1978) . The variations (devithe computer. Eye position was recorded at a frame rate of 25 Hz ances) associated with the factors monkey, areas, and hemispheres and subsequently determined by measuring pupil position at 200 were determined and are given as BEM 2 values. None of the ms intervals from stimulus onset, before conversion to the direction analyses revealed an interaction involving the factor monkey, so of gaze (to an accuracy of Ͻ1Њ) relative to the center of the screen, pooled results are reported for the two animals. For every analysis, as previously (Fahy et al., 1993; Xiang and Brown, 1999) . the residual deviance was less than that expected by chance, i.e., 
Identification of Recording Regions
